Introduction
============

There is mounting epidemiological and preclinical evidence to indicate that paternal stress influences the mental health status of offspring, even when experienced prior to their conception. Several mouse models have been established to facilitate our understanding of this transgenerational phenomenon \[[@dvy015-B1]\]. In a model of early life trauma involving maternal separation combined with unpredictable maternal stress (MSUS), the progeny of MSUS males exhibit reduced anxiety behaviours \[[@dvy015-B5]\]. Our group developed a chronic corticosterone (CORT)-supplementation model of stress exposure and discovered transgenerational modifications to offspring anxiety behaviours, particularly in the male offspring \[[@dvy015-B3]\]. Interestingly, we observed elevated anxiety levels in the F1 male offspring which is in contrast to the anxiolytic outcome in the MSUS model. This suggests that the type of exposure related to stress elicits differentiable transgenerational outcomes on offspring phenotypes, further necessitating careful studies of the underlying molecular pathologies in the offspring brains.

In this study, we sought to identify sex-specific transgenerational responses to paternal CORT-supplementation in the offspring brains. We elected to examine aspects of serotonin signalling since dysregulation of hippocampal serotonergic signalling has long been implicated in anxiety disorders \[[@dvy015-B6], [@dvy015-B7]\]. Allelic variation in the 5HT-1A receptor gene, which dictates differences in expression, is associated with the development of anxiety- and depression-related personality traits \[[@dvy015-B8]\]. Panic disorder patients have impaired 5-HT~1A~R function as reflected by their sub-sensitive hypothermic and cortisol responses to the partial 5-HT~1A~R receptor agonist ipsapirone \[[@dvy015-B9]\]. Furthermore, two functional imaging studies revealed decreased 5-HT~1A~R binding in patients with untreated panic disorder \[[@dvy015-B10], [@dvy015-B11]\]. Consistent with those findings, 5-HT~1A~R knockout mice displayed increased anxiety behaviour manifesting as decreased exploratory behaviour in the open field and reduced open-arm time on the elevated-plus maze \[[@dvy015-B12]\], similar to the behavioural phenotype of male offspring in our paternal CORT model. In the MSUS model, adult male and female offspring have reduced levels of 5-HT~1A~R autoradiography binding in the dorsal raphe, CA1 and dentate gyrus regions of the hippocampus \[[@dvy015-B13]\]. Additionally, offspring have significantly altered fMRI responses to the 5-HT~1A~R agonist 8-OH-DPAT; especially within the broader cortical regions and amygdala \[[@dvy015-B13]\]. Interestingly, paternal MSUS exposure was associated with altered 5-HT~1A~R-evoked fMRI responses in the male offspring only, and was not observed for female offspring.

Accordingly, we examined serotonergic function of the F1 offspring in our paternal CORT model with a combination of acute pharmacological challenges, environmental manipulation, and gene expression profiling. We assessed their 5-HT~1A~R-mediated hypothermic response to acute 8-OH-DPAT administration, then evaluated their behavioural response to the selective serotonin reuptake inhibitor (SSRI) sertraline in the forced-swim test. We examined whether environmental enrichment, a paradigm we had reported as exerting positive behavioural effects in a range of mouse models of neurological conditions \[[@dvy015-B14]\], could normalise the anxiety phenotype of male offspring on the elevated-plus maze. The light-dark box and novelty-suppressed feeding tests were conducted as supplementary tests of anxiety-related behaviours. Finally, we characterised the gene expression profile of the 5-HT~1A~R and 5-HTT in the offspring hippocampus, differentiating between the ventral and dorsal aspects of the hippocampus since both are well-established to regulate different phenotypic domains---the ventral hippocampus is involved in emotional processing while the dorsal hippocampus is implicated in cognitive function \[[@dvy015-B17]\].

Materials and Methods
=====================

Animals
-------

Male and female C57Bl/6 mice (8 weeks) were purchased from the Animal Resources Centre (Murdoch, WA) to be used as F0 breeders. All animals were maintained in a temperature and humidity-controlled facility on a 12 h light/dark cycle with food and water *ad libitum*. After 1 week of habituation, male mice were single-housed and randomly assigned to receiving CORT-supplementation (25 mg/l; Steraloids Inc, RI, USA) for 6 weeks or maintained on untreated water (control group). CORT-supplemented water was fresh prepared and replaced every 3 days. Following treatment, CORT-treated and control males were pair-mated for 5 days. Females were then separated and single-housed until they littered down. At 3 weeks of age, F1 offspring mice were weaned into social groups (4--6 mice/cage) comprised of animals from the same paternal treatment condition but from different dams to avoid litter effects (designated patCORT and control groups). F1 mice were raised undisturbed (except for cage changes) until 10 weeks of age when behavioural testing was conducted. All boxes were provided with sawdust bedding and two tissues for nesting material and changed weekly. All experimental work was approved by the Florey Institute of Neuroscience and Mental Health animal ethics committee and conducted in accordance with NHMRC guidelines.

Environmental Enrichment
------------------------

Mice allocated to environmental enrichment were group housed in larger cages (measuring 25 × 38 × 25 cm) with raised lids. These cages were supplemented with at least one plastic nesting box, plastic tunnels, toy ladders, objects of various shapes and textures, and shredded paper as additional nesting material. Items in the cages were rearranged periodically and replaced with clean novel objects during the weekly cage change. Our enrichment paradigm excludes the provision of running wheels. This approach to environmental enrichment has been used by us to successfully demonstrate beneficial modulation of physical and behavioural symptoms in a variety of mouse models of neurological conditions \[[@dvy015-B14], [@dvy015-B18]\] and gene-edited mouse models of anxiety and depression \[[@dvy015-B19], [@dvy015-B20]\].

8-OH-DPAT-Induced Hypothermia
-----------------------------

As previously described \[[@dvy015-B21]\], basal values were determined just before subcutaneous injection of the 5-HT1A receptor agonist 8-OH-DPAT (0.3 mg/kg) or vehicle (0.9% NaCl, 1 ml/100 g body weight), and body temperature was measured every 30 and 60 min thereafter. The response to 8-OH-DPAT was calculated as the decrease (from baseline) in body temperature during 60-min post injection. All temperatures were measured at ambient temperature (21 ± 1°C).

Acute Antidepressant Effects of Sertraline
------------------------------------------

Sertraline (Pfizer Inc, CT, USA) was administered at a dose of 25 mg/kg i.p. 30 min prior to the forced-swim test. The FST was conducted as previously described \[[@dvy015-B3]\]. Each session lasted for 300 s and was videorecorded. Unbiased analysis of total immobility time over the final 240 s was performed using the ForcedSwimScan (CleverSys Inc, VA, USA).

Behavioural Testing
-------------------

Mice were tested on a series of behavioural tests to assess anxiety with at least 24 h between each test. In all cases, experimenters were blind to treatment and behaviours were monitored by direct observation with automated video-tracking utilised for unbiased analysis of behavioural responses. Mice were acclimatised to the testing rooms for at least 1 h prior to the commencement of any test. Behavioural experimentation was conducted between 0900 and 1300H.

Elevated-Plus Maze
------------------

EPM testing was performed as previously reported \[[@dvy015-B3]\]. Room lighting was ∼175 Lux and lighting within the maze was ∼15 Lux with a curtain separating the maze from the experimenter. Each test session was initiated when a mouse was detected by the Topscan tracking software (CleverSys Inc, VA, USA) to be within the central zone facing a closed arm. The maze was thoroughly wiped down with 80% ethanol after every session to eliminate residual odours. Each session lasted 5 min and the total time spent in the open arms and total distance travelled was measured.

Light-Dark Box
--------------

LDB testing (ENV-511, Med Associates, VT, USA) was performed as previously reported \[[@dvy015-B3]\]. The aversive half of the test arena was illuminated to 700 Lux with white LED lighting. Each test session lasted 10 min and the time spent in each zone was tabulated along with total distance travelled. The arenas were thoroughly cleaned with disinfectant to eliminate odours before commencing the next test session.

Novelty-Suppressed Feeding Test
-------------------------------

The NSFT was performed as previously published \[[@dvy015-B22]\]. Briefly, mice were food deprived for 48 h with 1 h of food access following the first 24 h of food deprivation. Body weights prior to food deprivation and on the day of the test were recorded. The NSFT was conducted in an 80x80x80cm arena lined with 1 cm of saw dust and containing a single food pellet in the centre. Each test session was initiated by placing a mouse in a random corner of the test arena. The number of centre entries (within a 5 cm radius of the food pellet) and the time for each mouse to commence feeding on the pellet were recorded. Mice which did not start feeding within 10 min were excluded from final data analysis. The mouse was immediately removed and placed into a separate cage containing a pre-weighed food pellet for a further 5 min. These pellets were collected and weighed to determine post-test food consumption.

Gene Expression Profiling
-------------------------

A separate cohort of 12-week-old F1 mice, which had only been tested on the EPM and LDB to confirm the F1 behavioural phenotype, were killed by cervical dislocation 24 h after the LDB. Brain dissections were conducted on ice in order to dissociate the hippocampus which was then bisected into the dorsal and ventral halves. These were frozen in dry ice and stored at −80°C until subsequent use. Total RNA was isolated using QIAzol lysis reagent (QIAGEN, VIC, Australia) according to the manufacturers' instructions. Tissue was disrupted with a Diagenode UCD-300 Bioruptor (Life Research, VIC, Australia) for 6 cycles (30 s on/30 s off) on low setting. RNA concentrations were determined using Nanodrop 2000c spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and only samples with A260/280 ratios ranging 1.7--2.2 were used for cDNA synthesis. RNA quality was verified using Agilent 2100 Bioanalyser Nanochips and all samples were determined to be of high quality with RIN values \>9.0. 1000 ng of total RNA was reverse transcribed into cDNA using Superscript VILO cDNA synthesis kit (Invitrogen, Life Technologies, VIC Australia) with a TaKaRa PCR thermal cycler (Takara Shuzo, Tokyo Japan). PCR conditions were as follows: 10 min @ 25°C, 30 min \@48°C and 9 min @ 95°C. No enzyme and no template controls were included. cDNA products were diluted 1/10 then stored at −20°C for subsequent use. Semi-quantitative PCR was performed on a ViiA7 real-time PCR system (Applied Biosystems, Carlsbad, CA, USA) using the standard program as specified. 5 μl of cDNA was used in a final reaction volume of 20 μl together with SYBR green (Sigma-Aldrich, Castle Hill, NSW, Australia). Primer sequences and optimal working dilutions were as previous published \[[@dvy015-B15]\]. Each biological replicate was run in triplicate for the genes of interest and with cyclophilin as the endogenous reference gene. The comparative Ct method (ΔΔCt) was used to determine the relative expression levels of target genes.

Statistical Analysis
--------------------

All statistical analyses were performed using Graphpad Prism 7.0 (Graphpad software Inc, La Jolla, CA, USA). Male and female data sets were analysed separately due to the many instances of sex-specific effects observed in various paternal stress models. For the 8-OH-DPAT-induced hypothermia experiment, individual data were transformed and expressed as area under curve (AUC) and then analysed by a 2-way ANOVA for potential effects of sex and paternal CORT. Acute SSRI response was analysed by 2-way ANOVA for effects of paternal treatment and drug, followed by post-hoc Tukey's multiple comparisons test. One-way ANOVA was used to analyse the elevated-plus maze, novelty-suppressed feeding test and forced-swim test data. Where an overall effect was found, post-hoc Bonferroni *t*-tests were performed to establish between-group differences. qPCR data was analysed by one-way ANOVA with multiple comparisons corrected for False Discovery Rate using the two-stage step-up correction method of Benjamini, Krieger and Yekutieli. All data sets obtained met the requirements for parametric statistical testing. In all analyses, the level of statistical significance was set at α = 0.05.

Results
=======

Experiment 1: Physiological and Behavioural Response to Acute Pharmacological Challenges
----------------------------------------------------------------------------------------

### Hypothermic Response to Acute 8-OH-DPAT Challenge

Acute injection with the 5-HT~1A~R agonist 8-OH-DPAT decreased body temperature in all 4 groups ([Fig. 1A](#dvy015-F1){ref-type="fig"}). While the AUC analysis of the 60 min post-injection period revealed an overall significant sex effect (*F*~(1,\ 36)~ = 54.6, *P* \< 0.001), there was no effect associated with paternal CORT-treatment (*F*~(1,\ 36)~ = 0.08, *P* = 0.79).

![physiological and behavioural responses to acute pharmacological challenges. Offspring 8-OH-DPAT induced hypothermia (**A**). Male (**B**) and female (**C**) acute SSRI response in FST. 2-way ANOVA, post-hoc Tukey's multiple comparisons test \*\* *P* \< 0.01](dvy015f1){#dvy015-F1}

### Behavioural Response to Acute Sertraline Challenge in the Forced-Swim Test

For male offspring ([Fig. 1B](#dvy015-F1){ref-type="fig"}), two-way ANOVA revealed that there were significant overall effects of paternal CORT-treatment (*F*~(1,\ 29)~ = 8.854, *P* = 0.006) and sertraline/vehicle (*F*~(1,\ 28)~ = 6.431, *P* = 0.0171), as well as a significant Pat CORT-treatment × drug interaction (*F*~(1,\ 28)~ = 8.71, *P* = 0.0063). Post-hoc analysis revealed that while this dose of sertraline did not significantly alter forced-swim test response of control offspring (*P* = 0.9909), it was sufficient to reduce immobility time of PatCORT offspring compare to their respective vehicle-treated counterparts (*P* \< 0.01).

For female offspring ([Fig. 1C](#dvy015-F1){ref-type="fig"}), there was a significant PatCORT × drug interaction (*F*~(1,\ 25)~ = 4.778, *P* = 0.0384) but neither paternal CORT-treatment (*F*~(1,\ 25)~ = 2.003, *P* = 0.1693) nor sertraline-treatment (*F*~(1,\ 25)~ = 2.779, *P* = 0.108) were significant on their own. Post-hoc analysis confirmed that this dose of sertraline did not modify FST behaviour of control mice (*P* = 0.981) but there was a trend (*P* = 0.0596) for sertraline to reduce immobility time of female PatCORT offspring similar to the males.

Experiment 2: Attempting to Modulate Offspring Anxiety through Environmental Enrichment
---------------------------------------------------------------------------------------

### Elevated-Plus Maze and Light-Dark Box Testing

These initial behavioural results are consistent with paternal stress contributing to altered serotonergic function in their offspring. To broaden our understanding of the behavioural consequences of this pathophysiology, we investigated how PatCORT offspring would respond to environmental enrichment, a paradigm which our group has successfully used as a non-pharmacological approach to modulating serotonergic function and its related behaviours \[[@dvy015-B15], [@dvy015-B16]\].

One-way ANOVA revealed an overall effect of treatment on the time that male mice spent in the open arms of the elevated-plus maze (*F*~(2,\ 32)~ = 13.74, *P* \< 0.0001) ([Fig. 2A](#dvy015-F2){ref-type="fig"}). Post-hoc analyses showed that, consistent with our published findings, the PatCORT standard-housed (SH) male offspring spent significantly less time in the open arms of the maze compared to control offspring (*P* = 0.0210). Environmentally enriched (EE) PatCORT male offspring also spent significantly less time on the open arms compared to the control group (*P* \< 0.001). There was no significant effect of treatment on the total distance travelled by male offspring during the test (*F*~(2,\ 32)~ = 2.545, *P* = 0.0942) ([Fig. 2B](#dvy015-F2){ref-type="fig"}). One-way ANOVA found no overall effect of treatment on the time female offspring spent on the open arms of the maze (*F*~(2,\ 36)~ = 0.554, *P* = 0.5795) ([Fig. 2C](#dvy015-F2){ref-type="fig"}). There was also no significant difference in the distance travelled by female offspring (*F*~(2,\ 37)~ = 2.974, *P* = 0.0634) ([Fig. 2D](#dvy015-F2){ref-type="fig"}).

![offspring performance in tests of anxiety. Male offspring of CORT-treated fathers housed in SH and EE spent significantly less time in the open arms of the maze as compared to the male offspring of control males (**A**). There were no differences in the overall distance travelled (**B**). There was no effect of paternal CORT treatment and offspring environmental enrichment on time spent in the open arms of the maze (**C**) and overall distance travelled by the female offspring (**D**). Times spent by male (**E**) and female (**F**) offspring in the lit half (**E**) of the light-dark apparatus. *n* = 11--21 per group. Data presented as mean ± SEM; one-way ANOVA, post-hoc Bonferroni's *t*-test \* *P* \< 0.05, \*\*\**P* \< 0.001](dvy015f2){#dvy015-F2}

For the light-dark test, one-way ANOVA reported no significant differences in the time male mice spent in the light half of the LDB (*F*~(2,\ 49)~ = 2.492, *P* = 0.0932; [Fig. 2E](#dvy015-F2){ref-type="fig"}). There was no significant difference in the distance moved by male offspring during the session (*F*~(2,\ 49)~ = 2.47, *P* = 0.0950). There was also no significant difference in time spent in the light half by female offspring (*F*~(2,\ 52)~ = 1.547, *P* = 0.2225; [Fig. 2F](#dvy015-F2){ref-type="fig"}) nor in their total distance moved (*F*~(2,\ 52)~ = 0.715, *P* = 0.4939).

### Novelty-Suppressed Feeding Test

Pre-testing food deprivation resulted in similar weight loss across all groups. On average, males lost 13% and females lost 14% of body weight. One-way ANOVA revealed no significant between-group differences for male (*F*~(2,\ 22)~=1.109, *P* = 0.3477) and female offspring (*F*~(2,\ 22)~=1.034, *P* = 0.3723). One-way ANOVA revealed no significant between groups differences in the mean latency to commence feeding for both male (*F*~(2,\ 22)~ = 2.811, *P* = 0.0818) ([Fig. 3A](#dvy015-F3){ref-type="fig"}) and female offspring (*F*~(2,\ 22)~ = 1.243, *P* = 0.3079) ([Fig. 3B](#dvy015-F3){ref-type="fig"}).

![effect of paternal CORT and offspring environmental enrichment on offspring behaviour in novelty suppressed feeding test. There were no significant differences between percentage body weight loss amongst the three different treatment groups in both males and females (**A**). No significant differences were found in the latency to feed, in both male groups (**B**) and female groups (**C**). Male offspring of CORT-treated fathers housed in standard housing had a significantly lower food intake post novelty suppressed feeding test, as compared to male offspring of control males, as well as, environmentally enriched male offspring of CORT-treated fathers (**D**). No differences in post-test food intake were found between the three female treatment groups (**E**). *n* = 7--10 mice per treatment group. Data presented as mean ± SEM; one-way ANOVA, post-hoc Bonferroni's *t*-test \**P* \< 0.05, \*\**P* \< 0.01](dvy015f3){#dvy015-F3}

Interestingly, one-way ANOVA indicated a significant between group difference in post-test food consumption for males (*F*~(2,\ 21)~ = 8.214, *P* = 0.0023) ([Fig. 3C](#dvy015-F3){ref-type="fig"}). Post-hoc analysis established that male PatCORT SH offspring had a significantly lower food intake compared to the control (*P* \< 0.05) and PatCORT EE groups (*P* \< 0.01). There was no difference in post-test food consumption for females (*F*~(2,\ 21)~ = 0.807, *P* = 0.4596) ([Fig. 3D](#dvy015-F3){ref-type="fig"}).

Experiment 3: Gene Expression Profiling
---------------------------------------

### *Htr1A* Expression in Dorsal and Ventral Hippocampus

One-way ANOVA of *htr1A* expression in the dorsal hippocampus of male offspring revealed no significant difference between the groups (*F*~(2,\ 10)~ = 0.6136, *P* = 0.5606) ([Fig. 4A](#dvy015-F4){ref-type="fig"}). A significant difference was detected for the ventral hippocampus (*F*~(2,\ 10)~ = 6.993), *P* = 0.0126). Post-hoc analysis revealed that *htr1A* expression for the PatCORT EE offspring was significantly greater compared to the control group (*P* \< 0.01).

![*Htr1a* and *SerT* expression patterns in F1 offspring hippocampus. Relative gene expression normalised to the mean fold-change of the respective control group within each region and presented as mean ± SEM. *n* = 4--6 per group. Data analysed with one-way ANOVA, followed by post-hoc *t*-tests with FDR corrections \*\**P* \< 0.01, \*\*\**P* \< 0.001](dvy015f4){#dvy015-F4}

A significant difference between groups was detected for *htr1A* expression in the dorsal hippocampus of female offspring (*F*~(2,\ 11)~ = 12.57, *P* = 0.0014; [Fig. 4A](#dvy015-F4){ref-type="fig"}). Post-hoc analysis conveyed that there was a significant increase in htr1A expression in the dorsal hippocampus of PatCORT EE offspring compared to both the control (*P* \< 0.01) and PatCORT SH groups (*P* \< 0.01). In the ventral hippocampus, no difference in htr1A expression was detected for the female offspring (*F*~(2,\ 11)~ = 0.9988, *P* = 0.3994).

### *SerT* Gene Expression in the Dorsal and Ventral Offspring Hippocampus

No significant difference in *SerT* gene expression was detected within the dorsal hippocampus (*F*~(2,\ 10)~ = 1.571, *P* = 0.2552; [Fig. 4B](#dvy015-F4){ref-type="fig"}) of male offspring. In contrast, there was a significant difference for the ventral hippocampus (*F*~(2,\ 10)~ = 16.99, *P* \< 0.001). Post-hoc analysis indicated greater *SerT* expression for the PatCORT EE group compared to the control (*P* \< 0.001) and PatCORT SH groups (*P* \< 0.01).

For female offspring, one-way ANOVA detected an overall difference in *SerT* expression in the dorsal hippocampus (*F*~(2,\ 11)~=20.6, *P* \< 0.001; [Fig. 4B](#dvy015-F4){ref-type="fig"}). Post-hoc analysis indicated greater *SerT* expression for the PatCORT EE group compared to both the control (*P* \< 0.001) and PatCORT SH groups (*P* \< 0.01). Similarly, there were also significant between groups differences detected for the ventral hippocampus (*F*~(2,\ 11)~ = 16.74, *P* \< 0.001) with greater *SerT* expression for the PatCORT EE group compared to the control (*P* \< 0.001) and PatCORT SH groups (*P* \< 0.01).

Discussion
==========

This study confirms that brain serotonergic function is subject to transgenerational influences, especially paternal exposures related to stress. The novel findings that male and female PatCORT offspring display hypersensitivity to sertraline in combination with their unaltered hypothermic responses to 8-OH-DPAT enables some level of distinction between the various serotonin receptors and brain regions which underlie the male-specific anxiety phenotype in the present model of paternal corticosterone treatment. These finding are further evidence that the transgenerational impact of paternal stress on offspring brain function is specific to the type and/or severity of the stress experienced. Unexpectedly, environmental enrichment failed to improve anxiety levels of the male F1 offspring, in spite of increased 5-HT~1A~R and 5-HTT expression in the hippocampus. EE exerts robust anxiolytic effects across a variety of rodent models of neurological conditions and the absence of a behavioural modification here could reflect an underlying impairment to the capacity for experience-dependent plasticity in the brains of PatCORT offspring.

Sex-specific alterations of offspring anxiety have been reported by our group \[[@dvy015-B3]\] and others \[[@dvy015-B1], [@dvy015-B5], [@dvy015-B23]\] in separate and distinct mouse models of paternal stress. The fact that anxiety behaviour is consistently affected indicates that the transgenerational response to paternal stress is mediated by common molecular systems in all of these mouse models of paternal stress. However, because the outcomes of the behavioural modifications are different (reduced anxiety for male MSUS offspring compared to increased anxiety for male PatCORT offspring), therefore it is likely that the implicated brain regions and signalling pathways are subtly different. Franklin *et al.* reported reduced 8-OH-DPAT radioligand binding to 5-HT~1A~R in a range of brain regions of male MSUS offspring such as the hippocampus CA1 subfield, dorsal raphe and lateral periaqueductal grey but not within the cingulate and motor cortices \[[@dvy015-B24]\]. It is well-accepted that impaired 5HT~1A~R-mediated signalling drives anxiety behaviour and deficits in social interaction \[[@dvy015-B25]\]. PET studies on unmedicated patients with social anxiety disorders have revealed reduced 5-HT~1A~R binding in several limbic and paralimbic brain regions including the anterior cingulate cortex and dorsal raphe nuclei, although not in the hippocampus \[[@dvy015-B28], [@dvy015-B29]\]. Based on the collective strength of that evidence, our *a priori* approach prioritised an examination of hippocampal serotonin function in an attempt to identify the origins of the anxious tendencies of male PatCORT offspring. However, despite having found no differences in *htr1a* or *sert* expression within the dorsal and ventral aspects of the hippocampus that correlated with a male-specific anxiety phenotype, it is possible that there are post-transcriptional changes in 5-HT~1A~R and/or 5-HTT protein levels, ligand binding, and signalling activity. Further studies are required to examine those brain regions identified by other studies. For example, anxiety disorders often encompass altered serotonergic signalling in the medial prefrontal cortex \[[@dvy015-B30], [@dvy015-B31]\]. Variation in the promoter region of the 5-HTT gene and its contribution to stress sensitivity has been widely studied in human cohort studies, non-human primates and rodents. Certain 5-HTT polymorphisms that result in a greater stress sensitivity also lead to altered functional coupling of the medial prefrontal cortex with the amygdala \[[@dvy015-B32], [@dvy015-B33]\].

5-HT~1A~R autoreceptors in the dorsal raphe nucleus regulate the marked hypothermic response to 8-OH-DPAT (unchanged for PatCORT offspring) which in turn modulates serotonergic turnover in the frontal cortex and hippocampus \[[@dvy015-B34]\]. Dorsal raphe 5-HT~1A~ autoreceptors are also known to regulate SSRI responsivity, specifically to increase sensitivity \[[@dvy015-B37]\]. That is consistent with human studies which implicate a polymorphism in the *htr1a* gene promoter with increased susceptibility for depression and variable SSRI treatment response. Additionally, due to their weaker affinity binding, other receptors such as the 5-HT7R, α1/α2-adrenoreceptors and dopamine D2 receptors could partially contribute to the significantly impaired 8-OH-DPAT-evoked fMRI responses detected in the hippocampus of male MSUS offspring \[[@dvy015-B13]\]. 8-OH-DPAT-induced modification of social behaviour would also be a priority for future investigation \[[@dvy015-B38]\] since social preference (novelty) and social discrimination (memory) are both reportedly impaired in male MSUS offspring \[[@dvy015-B24]\].

This initial attempt to profile the expression of serotonin receptors in the hippocampus was supported by their strong implication in anxiety pathology, as well as convincing evidence that environmental modulation of serotonergic neurotransmission is a crucial process for the anxiolytic and anti-depressive behavioural benefits of EE \[[@dvy015-B19], [@dvy015-B41]\], even in a model of antidepressant-resistant PTSD \[[@dvy015-B46]\]. The beneficial anxiolytic action of EE is not only observable in rodent models of stress, but in environmentally enriched wild-type mice as they show decreased anxiety-related behaviour on the elevated-plus maze and the light-dark box tests \[[@dvy015-B20], [@dvy015-B47], [@dvy015-B48]\]. Thus it was surprising that environmental stimulation, in the form of complex housing configurations, failed to impart any observable anxiolytic effect on male F1 PatCORT offspring. One possibility is that a transgenerational response to paternal exposures related to stress is the development of resistance to the benefits of environmental stimulation, perhaps reflecting an underlying impairment of neuronal and glial plasticity processes. One key cellular event which EE stimulates is increased adult hippocampal neurogenesis \[[@dvy015-B49]\], and for transgenic mice in which hippocampal neurogenesis is specifically disrupted, the capacity for EE to rescue social defeat-stress induced anxiety and depressive behaviours is abolished \[[@dvy015-B45]\]. Several studies have demonstrated that the behavioural benefits associated with an up-regulation of hippocampal neurogenesis is regulated by serotonergic neurotransmission \[[@dvy015-B50]\]. However, our laboratory and others have also demonstrated that the anxiolytic effects of EE can manifest in spite of disruptions to 5-HT~1A~R-mediated signalling \[[@dvy015-B20]\] or could occur through neurogenesis-independent processes \[[@dvy015-B53], [@dvy015-B54]\]. Findings from this study provide new evidence that anxiety-like behaviours can manifest in the absence of dysregulations of hippocampal serotonin receptor expression; however further investigation regarding the status of adult hippocampal neurogenesis in the PatCORT offspring is necessary. The novel finding of EE having no effect when applied to the F1 generation is an interesting contrast to other transgenerational studies that have implemented EE as an intervention. Particularly, the distinction arises from the fact that upon the implementation of EE in the F0 generation, a study by Gapp *et al.* (2016) \[[@dvy015-B55]\] reported a rescue of the F1 phenotype in their model of transgenerational paternal stress. The immediate interpretation of the collective findings of the current study and the study conducted by Gapp *et al.* \[[@dvy015-B55]\] suggest that the consequences of transgenerational stress need to be addressed in the paternal generation that is experiencing a certain detrimental lifestyle factor. Hence, it will be of interest to investigate the effects of EE when implemented in the paternal generation in our model.

However, the effectiveness of EE as an intervention in one model of paternal stress does not necessitate its effectiveness in a starkly different model, with differing severity of stress and the age of stress exposure. Gapp *et al.* \[[@dvy015-B5]\] have reported that their model of early life trauma affects avoidance behaviours and learning in aversive environments in both the exposed fathers and their offspring. In contrast, our model of chronic adult generalized stress does not cause any behavioural changes in the exposed males and results in a comparatively different offspring phenotype. It is important to be aware of the inconsistencies within the literature concerning approaches to environmental enrichment, and that has a potential to yield different experimental outcomes. Our environmental enrichment paradigm does not incorporate running wheels so as to distinguish between the social and cognitive aspects of enrichment and physical exercise. Numerous studies that implement environmental enrichment, including the EE paradigm implemented by Gapp *et al.* \[[@dvy015-B55]\] incorporate running wheels in their protocol. Our lab had recently investigated the transgenerational influence of paternal running \[[@dvy015-B56]\] and found evidence of an anxiolytic effect on offspring performance in the light-dark box test (but not on the EPM). Hence, the inclusion of running wheels is an important consideration that could be the distinguishing factor between the resulting effect of enrichment. It is likely that environmental enrichment with no incorporation of running wheels, in comparison to pure voluntary wheel running, has varying transgenerational effects that should be a point of future research.

It was interesting to observe that 5-HT1AR expression was up-regulated in the ventral hippocampus of male, but not female, PatCORT offspring. However, this is not the first time sex-specific effects of EE have been reported at a molecular level. For example, 4 weeks of EE reduces levels of hippocampal stress hormone glucocorticoid receptor mRNA levels in male C57Bl/6J mice, but not in females \[[@dvy015-B57]\]. EE also increases BDNF mRNA levels in the hippocampus of male, but not female mice \[[@dvy015-B63]\]. The sex-specific nature of EE-induced BDNF up-regulation is also region-specific since it is up-regulated in the frontal cortex of both male and female mice. Refinement of the current study design is required to determine if this sex-specific overexpression of aforementioned serotonergic receptors is a result of the paternal CORT model or is just a reflection of the sex-specific nature of the environmental enrichment paradigm.

One brain region which readily responds to EE is the hypothalamus, through modulation of neurotrophin and hormone secretion, which impacts on metabolism and stress response \[[@dvy015-B58], [@dvy015-B59]\]. Hypothalamic serotonergic neurotransmission is vital for the regulation of feeding, and extracellular 5-HT in the lateral hypothalamus increases during the anticipatory phase prior to feeding and into the initial period of food consumption before a gradual decline after 30 min \[[@dvy015-B60], [@dvy015-B61]\]. Also, hypothalamic levels of 5-HIAA (the 5-HT metabolite) are maintained at low baseline levels, with a single peak during the light-to-dark transition which corresponds with the commencement of feeding behaviour \[[@dvy015-B62]\]. It was previously reported that EE reduces levels of 5-HIAA in the hypothalamus of male, but not female, mice \[[@dvy015-B63]\]. While the NSFT results suggest no differences in latency to feed, the suppression of post-NSFT feeding observed in male PatCORT offspring, which is then attenuated for the EE-exposed group, could reflect dysregulation of serotonergic control over appetite or feeding for the male PatCORT offspring. While Franklin *et al.* \[[@dvy015-B24]\] found that 8-OH-DPAT binding in the hypothalamus was unaffected in MSUS offspring, the functional profiles of other 5-HT receptors have yet to be established. It would therefore be interesting to explore the expression patterns of the 5-HT~1B~R and 5-HT~2A/C~ receptors (across a range of paternal stress models) since these are the key serotonergic modulators of appetite and feeding \[[@dvy015-B36], [@dvy015-B64], [@dvy015-B65]\]. The appetitive differences observed could also be indicative of potential differences in leptin or ghrelin signalling, with these being the main hormones that regulate appetite \[[@dvy015-B66]\]. Thus, this novel finding, in the absence of any weight loss difference, uncovers a whole plethora of potential research that can be undertaken in our paternal stress model. Transgenerational modifications to offspring metabolism is well-evident, primarily based on studies of paternal diets and their impact on offspring metabolic and endocrine function \[[@dvy015-B67]\] but this has not been extensively explored in the context of paternal stress. Only a few transgenerational paternal stress models have explored metabolic changes in the offspring. Gapp *et al.* \[[@dvy015-B5]\] have reported lower blood glucose and serum insulin levels in MSUS offspring suggestive of insulin hypersensitivity. Post-NSFT food intake measurements are not routinely reported but our observation highlights the importance of such measurements.

Finally, the current study has demonstrated that environmental enrichment of the F1 offspring does not rescue the transgenerational influence of paternal CORT. This was surprising given the abundant literature that delves into the anxiolytic effects of environmental enrichment in various rodent models of stress. From the current study, it can be speculated that a parental modification, that is, increased stress hormone levels, renders the next generation non-responsive to the action of environmental enrichment. Given the absence of beneficial effects of EE as seen by the non-recovery of behavioural phenotypes of the F1 offspring, it would be important for future studies to consider hippocampal neurogenesis in the offspring generation, and continue investigating the receptors or effector molecules that are part of the BDNF signalling cascade. Findings from this study provide evidence that hippocampal serotonin receptor expression does not explain the observed F1 male-specific anxiety phenotype. Nonetheless, further work needs to be performed before we can definitively exclude these receptors from being involved in our paternal CORT model of transgenerational epigenetic inheritance.
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